Abstract Africa's water problems are many and varied. A number of socio-economic factors such as poverty, the population explosion and the lack of hydrological and ancillary data, are at the root of these problems. Droughts and climatic variability aggravate the vulnerability of the continent and make sustainable water resources development a real challenge. Inadequate levels and coverage of water services plague both urban and rural communities, with attendant health risks. The major problems are examined, including diminishing per capita freshwater resources, poor management and inefficient utilization, and lasting solutions are proffered. The conclusion is that the hydrological, engineering and social sciences have important roles to play in enabling African economies to overcome the acute and often devastating water problems confronting them now and in future decades. Key words water resources; sustainable development; floods; droughts; water pollution; Africa
INTRODUCTION
A number of socio-economic and environmental factors have created conditions which bring a high level of vulnerability to Africa. The climate and hydrology are problematic as extremes abound, often coexisting in the same areas. Some 45% of Africa is arid or extremely arid, 22% is semiarid, leaving only 33% as sub-humid or humid. Even the latter proportion is under threat, as persistent and severe droughts extend the desert frontiers each year through the process of desertification. In Africa, the accumulation of water-and ecological deficits over nearly four decades of droughts has predisposed the environment to a high level of desiccation and vulnerability.
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Widespread poverty is another basic factor in Africa's water problems. Poverty is debilitating and represents lack of access not only to financial and other material resources, but also to knowledge, information and technical know-how, such as in tackling water problems. Many African countries have large proportions of their populations living below the poverty line. For example, from the analysis of the per capita gross national product (GNP) for a sample of 32 sub-Saharan African countries, some 62% of the countries have less that US$500 annual per capita GNP while only about 17% have US$1000 or more (World Bank, 1996) .
WATER PROBLEMS IN AFRICA
Water problems in Africa are many and complex; they include the following: -climate and runoff variability; -water scarcity driven by increasing population pressure, and rising standards of living; -increasing water supply costs as easily accessible sources are fully developed in some urban catchments; -low coverage and level of services for water supply for domestic and industrial use; -pollution of rivers, streams and lakes, particularly the receiving water bodies in urban areas with frightening impacts on health; -a historical legacy of many shared river basins with the attendant problems of conflicts and disputes in water sharing; -water resources management problems: unsustainable policies and approaches; -paucity of water resource information; and -inadequate capacity resulting from inadequate education and training.
Some of these problems are discussed and the possible solutions offered through application of the hydrological, environmental and social sciences.
Drought, climate and flow variability
It is believed that the recent drought situation in West Africa and the Horn of Africa (Sudan and Ethiopia) is part of a normal short-term climate cycle in which the average recurrence interval of drought is generally from 7 to 10 years (1972-1973, 1982-1983, 1987-1988 and 1991-1993 were years of devastating droughts). However, a close examination of the Nile flow records shows a much more serious long-term trend: that these four droughts all form part of a long-term drying period that started in the mid 1960s. With the exception of a few years, the Nile flow has been below normal since 1965. The lowest flow, and six of the seven lowest flows for the Nile since 1912, occurred within this dry period.
The pronounced dry season, coupled with the high annual potential évapo-transpiration (PE) of 2500-3000 mm in the Sahara, 2800 mm in Namibia, 1200-1500 mm on the West African coast, to nearly 1250 mm on the higher plateaux and mountains of East Africa, make the irrigation demand burdensome. The aridity index (ratio of mean annual PE to mean annual precipitation) varies from 1.5-4 in moister areas to over 20 in arid parts. According to Schulze (1997) , this high aridity results in a low conversion of rainfall to runoff (runoff coefficient). The coefficient averages 20% for Africa, whereas it is 35% for most of the world. In Africa, évapotranspiration tends to be uniformly high throughout the year in most places. This implies that rainfall distribution is the major factor affecting water availability in soil profiles and the river regime.
The effect on runoff of climatic variability is often magnified significantly by the hydrological system and catchment processes, since river flow is sensitive to variations in rainfall, and since runoff is the residual after soil moisture replenishment and evaporation.
Long-term flow records provide a good approximation of the water resources or yield of a basin and provide a valuable indication of climatic fluctuations. The range of variability of annual flows of the largest African rivers is very wide even for their sizes. Sutcliffe & Knott (1987) calculated that the ratio between the highest and lowest annual flows varied between about 3.5:1 and 10:1. The range of the 7-year moving averages of the flow series for most of the rivers, including the Niger, Senegal, Blue Nile, Sobat, Kagera, Tana, Zambezi, and Okovango, is also very wide, varying by a ratio of 1:2. The fluctuations are notable in the flows of the Senegal, the Upper Niger and Chari rivers and other West African Sahelian rivers, where the recent drought has been much more severe than the two previous droughts in the 20th century. The seasonal and long-term variations in the flows of most African rivers clearly indicate the importance of over-year storage as a means of making the optimum use of the water resources, including irrigation. The fact that even the 7-year moving averages fluctuate widely across the continent is an indication of the challenges that climate poses for water resources management in Africa.
The persistence of the recent Sahelian drought has taken its toll on water availability and has severely undermined the reliability of some of the rivers, such as the Niger and the Senegal, as the major sources of surface water in West Africa's SudanoSahelian zone (Oyebande, 1990) . The total yield of the River Niger into the Kainji Reservoir in Nigeria, for instance, steadily decreased from 51 x 10 9 m 3 in 1969/70 to the very low value of 24.3 x 10 9 m 3 at the height of the drought in 1973. Again, in the extremely severe drought of 1984, it dropped to an all-time low of 16.4 x 10 9 m 3 , but thereafter rose unsteadily to settle to a more-or-less stable level below 25 x 10 9 m 3 in 1989/90. The downward trend has seriously undermined the envisaged potential of the hydroelectric project. In the same manner, the mean flow of the Nile at Aswan (Egypt) dropped steadily from 110.5% of the normal (long-term mean) during the period 1871-1905 to 96.3% (1906-1920), recovering to 96.7% during 1920-1965, but decreasing again to 91.4% during the 1977-1988 period. The story of the Kariba Reservoir on the Zambezi during the same period and in the early 1990s was quite similar (Magadza, personal communication, 1992) .
The seasonal fluctuations of unregulated flows are even more worrying. In particular, the low levels of the River Niger at Niamey have caused great concern in the Niger Republic over more than 25 years. During the drought in 1974, the river had an absolute low flow of less than 1 m 3 s" 1 at Niamey. The capital's water supply was in trouble and in 1984 the low water mark went down again, with flow at 3 m s', causing disturbance to Niamey's water supply and in the flood plain wetland farming projects along the river. However the worst was yet to come in 1985 when river flow fell virtually to zero on 15 June and for over a fortnight thereafter (Beidou, 1987) . The paradox of the water resources problems of the Niger Republic during the period 1974-1986 more or less typifies those of all Africa. While Niger was threatened by drought and water shortages, very high and rare rainfall events occurred from time to time causing serious damage. For example, in 1984, a daily maximum rainfall of 206 mm occurred in Tilabery, some 120 km north of Niamey, where the average annual rainfall is 450 mm. This generated floods, which caused severe erosion and soil loss, and damaged several hydraulic installations, particularly in irrigated areas.
RECENT AND ANTICIPATED PROBLEMS OF FOOD SECURITY AND FLOOD DAMAGE
The havoc associated with the El Nino phenomena in 1992/93 is still fresh in people's memory in most areas of southern Africa (Lesotho, Swaziland, parts of Mozambique, Botswana, Malawi, Zambia and South Africa). It resulted in a drought that was dubbed "the worst in living memory". The region-a net exporter of food, had to import 11.6 million tonnes of food-more than six times the normal volume of regional food imports. In response to the El Nino drought, the World Food Programme (WFP) set up a global task force, the regional unit of which has been working with the Southern African Development Community (SADC) as well as with individual governments. Currently there is a National Early Warning System (NEWS) in each of the 12 SADC member states as well as a Famine Early Warning System (FEWS) network in southern Africa. In the East African countries water problems have also been severe. Excessive rains are almost equally damaging to crops as droughts, resulting in poor harvests and food shortages. There is increasing awareness of the need for information campaigns and early warning systems to provide advice to communities and to prepare them for any impending disaster.
POLITICAL STABILITY AND INSTITUTIONAL CAPACITY
Even where the political will abounds, political instability (for example, due to war in Liberia, Sierra Leone, Somalia, Mozambique, Congo-Kinshasa, Ethiopia, Eritrea, or coups d'état) could be the most serious immediate constraint on the improvement of water sector services in the region. Such instability makes it difficult to plan ahead and to maintain implementation schedules. It also defeats efforts to build sustainable institutional capacity. Unfortunately too, 33% of men and 53% of women in sub-Saharan Africa are illiterate, according to the UNESCO Education Report of 1995. Technical and managerial manpower is in short supply in many African water management agencies.
Concerning the institutional setup, it appears that most of the governments of the region did not define the roles of institutions involved in the water sector for a long time, nor put in place a mechanism for the coordination of key players. Four countries of East Africa have had opportunities to appraise their policies and the viability of their institutions in the light of the political will of their governments to lead their countries on the path to sustainable management. The statements shown in Table 1 clearly indicate the policy framework and the institutional reforms and capacity building which need to be put in place. This is not peculiar to East Africa, as the table might suggest. Of the 43 African countries surveyed in 1990, only 24 had a joint management of water supply and sanitation; some coordination mechanism is therefore necessary. For more than three decades, water institutions in Africa have been managed by central governments. The concept of capacity building focused exclusively on public water agencies. The capacity to assess water resources through data collected at the basin level is perhaps the most important aspect of water resources management. An analysis of the current situation reveals the absence of suitable maps and a lack of hydrometeorological data, particularly since the 1980s, which undermines local efforts for estimating runoff and groundwater resources. Without such information, it is not possible to assess, plan and manage water sustainably. The lamentable decline over the past two decades in the hydrometeorological network density and in data quality has done great harm. Attempts to help capture data at risk of being lost through scattering and fragmentation have been sponsored by the World Meteorological Organization (WMO). The efforts have paid off, but some of the countries targeted still failed to take full benefit of the opportunity.
There is often a lack of technical knowledge to establish relationships between parameters of time series of hydrological data and physiographic characteristics. The activities of local water resources engineers and hydrologists were frequently reduced to the collection and analysis of data, with limited resources.
PROBLEMS OF WATER RESOURCES USE AND MANAGEMENT
Water is a finite and vulnerable resource, distributed unevenly in space and in time. As such, many have come to realize that it must be treated as an economic good. To price water is to discourage waste and corruption. However, in order to ensure that the poor do not suffer from the universal adoption of pricing, social and financial solidarity is essential. Pricing can be used as a mechanism to ensure that the poor will have access to water at a price they can afford (through focused subsidies, or cross-subsidies to the poor). Pricing can also be used as a tool to re-allocate water among users, including the environment (provided that the market mechanisms include a means to ensure that someone has the means to pay for water thus allocated).
Next to nothing is charged to farmers; water charges in Africa and most of the third world countries are less than 10-20% of the full costs of delivering the water to the farmers. Often such projects do not take the value of water into account during their design, operation and evaluation, even in water-scarce environments.
The average cost of water in Africa in 1990 was US$0.45 m 3 , while the average water tariff was $0.46 m 3 (WHO, 1992) . The latter rose from US$0.29 in 1985. Nevertheless, the average tariff exceeds the average cost in 42% of the countries in 1992 (compared to only 22% in 1985). The cost of water, due to higher construction costs, is almost twice that in southeast Asia. Data from the Ivory Coast, Uganda, Nigeria, Ghana and Kenya show that prices paid to water vendors by the underprivileged in African cities are 4-11 times those charged by public utilities in these same cities. Some of the more sustainable charges in Africa include the progressive tariffs imposed in Accra, Harare and Gaborone (Table 2) (Oyebande, 2000) .
Agriculture, which uses some 88% of Africa's water resources, is the greatest waster of water. Most of the large-scale irrigation projects in Africa are much less beneficial than they first appear to be. A conventional analysis of flood-plain related activities and upstream irrigation would show that the net irrigation benefits of crop irrigation in the upstream Kano River Project (KRP) Phase 1 (in the Lake Chad basin in Nigeria) are US$115 ha" . This margin appears to be much higher than the net economic benefits (US$58 ha" 1 ) from improved flood-plain agriculture, which yields crops, fuel-wood and fishing. However, when the high operating costs in the KRP irrigation schemes are taken into account, the net benefits are only US$2.58 ha" 1 (Drijver & van Wetten, 1992) . Also, in this water-short region, the true benefit of crop irrigation in the KRP, in terms of water productivity, is US$150 per million m 3 and, after deduction of the operating costs, it is only US$2.53 per million m 3 . On the other hand, the benefits of flood-recession agriculture are much higher, being about US$2880 per million m of water inflow into the Hadejia-Jama'are-Komadugu-Yobe flood plain. The other benefits of agriculture, fuel-wood gathering and fishing add about US$5000 per million m 3 of floodwater input.
The status of existing irrigation schemes in some African countries is unsatisfactory. In Nigeria for instance, about 50% are designated to have "standstill" status. In addition to these dormant and uncompleted projects are those in which the irrigation systems are only partially completed, or are still under construction because of shortage of funds. In all, less than 20% of the reservoir water is currently released for downstream irrigation. The national economy has certainly suffered great losses as a result of zero returns on investments in the irrigation component. Moreover, dams in West Africa, including Nigeria, are generally associated with large reservoir areas, because of the prevalent slight topographical differences. The result is that available storage at the full water level at the end of the wet season is often drastically reduced by large evaporation losses during the dry season. The losses reach 10-30% of the active reservoir capacity, i.e. even when the reservoir is full at the end of the wet season, only 70-90% of it is available for the dry season. A more sustainable reservoir development and operation strategy is required as part of an integrated approach to water management.
WATER USE AND POPULATION PRESSURE
Another problem of water resources management, especially in the near future, and particularly in less humid environments, is that a much greater percentage of the total water resources will be exploited as the storage and diversion of water increases in response to the population explosion and rising standards of living.
Whereas globally, population growth rates have been slowing down, in subSaharan Africa the growth is still about 3% a year, enough to double the population in one generation. This makes maintenance of the existing level of water supply an enormous task. Country Fig. 2 Freshwater availability in Africa, 1990 and 2025 (from FAO, 1995 .
In much of North and East Africa, the expanding population is on a collision course with scarce water resources. Falkenmark (1989) assumed that societies typically experience "water stress" when annual renewable freshwater availability is between 1000 and 1667 m 3 per person. A situation in which the quantity is 1000 m 3 or less per person represents scarcity. By the year 2025, fifteen countries (all in East and North as well as some in southern Africa) may suffer scarcity of freshwater unless something drastic can be done to reverse the trend (Fig. 2) . Under such conditions, boosting food self-sufficiency and security, and meeting the domestic needs of populations would be difficult, if not impossible, to achieve. By 2025, 11 more countries throughout West, East and southern Africa may suffer water stress of varying degrees. In Africa as a whole, some 240 million people live in countries where the per capita water availability is fast falling below, or is already below, a reasonable level for supporting human life.
WATER SUPPLY LEVEL AND COVERAGE
A consequence of poor management is the low level of service and coverage of the water services. The International Drinking Water Supply and Sanitation Decade (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) has not solved Africa's water and waste water problems. An evaluation of the achievements at the end of the decade shows that the percentage of water supply coverage increased to 41%. In the urban sector, the coverage increased from 66% in 1980 to 77% in 1990. In the rural sector, however, the coverage increased from 22% to just 26%. The wealthiest countries in terms of per capita income have better developed water supply systems in the rural areas. This implies that the urban supplies are also relatively better developed in such states, since decision makers who live in African cities normally take care of themselves first before helping the rural communities. On the whole, the water supply situation, instead of getting better, has actually got worse in a number of the countries in the region, as the rate of population growth continues to outpace the rates of increase in level and coverage of water services.
The implications of inadequate water supply are well known in both the congested urban areas and the neglected rural majorities. Table 3 shows the relationship between water supply and sanitation systems in Africa. Clearly, the sanitation service levels are 
THE LEGACY OF SHARED BASINS
Most large river courses in Africa are international systems or shared sources. There are 17 drainage basins with areas in excess of 100 000 km 2 and 17 of them are found in Africa, shared by between two and 10 countries. Uncoordinated exploitation of the international waters has resulted in severe environmental, agricultural, and social damage. Furthermore, about 50% of the total surface water resources in Africa exist in one single river basin (the Congo), while 75% is concentrated in eight river and lake basins-the Congo, Niger, Ogoue (Gabon), Zambezi, Nile, Sanga, Chari-Logone and Volta.
While the many international river basins present real challenges, they also provide opportunities for regional cooperation in the sustainable development of transboundary water resources that individual countries might not be able to afford. A few beneficial international basin cooperation schemes are in existence. They include the Niger Basin Authority made up of nine member countries of West and Central Africa, the Chad Basin Commission comprising Nigeria, Niger, Chad and, the non-riparian member, the Central African Republic. The Sene-Gambia Basin organization, which involves Senegal and Gambia and formerly included Mauritania, has been of great benefit to its member states. Similar examples can be found in southern Africa where cooperation has permitted the beneficial sharing of the water and power resources of international rivers and lakes.
Several large river and lake systems have suffered marked reductions in flow rates and in the lengths of their networks. In less than 100 years, Lake Chad has been reduced to only 10% of its original water surface area. As the intensity and persistence of droughts increased in some of these international rivers, the problems of water shortages became aggravated and the potential for conflict increased among the riparian countries.
HOW CAN SCIENCE HELP?

Water resources assessment
Several global water resources overviews have been published since the 1980s. Some of them have provided analytical information on the regional variability of the various characteristics or quantitative relationships between water availability and water require- ments (e.g. Margat, 1985; Kulshreshtha, 1993) . However, according to SCOWAR (1998) , since the 1980s the description and quantification have remained rather simplistic from the point of view of methodology. The two-dimensional vulnerability classification, based on a matrix that combines the water use/availability ratio with the per capita availability, introduces four water availability intervals: water surplus, water marginally vulnerable, water stress and water scarcity (Kulshreshtha, 1993) .
One of the benefits of water resources assessment at the local, national or regional level is the possibility of exporting water to water-scarce areas. However, such irreversible projects should only be undertaken after further and thorough studies, which include long-term projections of water availability and the requirements of both importing and exporting basins. Needless to say, strategic environmental impact assessment of the project would be required. It is the difficulty in meeting such requirements, and huge costs involved, that has stalled the implementation of the planned inter-basin transfer projects in northern Nigeria, where the basins of the Sahelian zone require such transfers.
Prediction of seasonal and interannual hydrological fluctuations
It is only recently that a major breakthrough has occurred in the short-term predictions of climate variations (of a few seasons to a few years) leading to an understanding and predictability of the El Nino Southern Oscillation (ENSO), and seasonal and interannual climatic fluctuations. Manifestations of El Nino are important in studying extreme hydrological events (e.g. floods and droughts). The lead time of 6-12 months benefits water management as it allows the adoption of appropriate strategies, and there is potential to improve the forecast capability of models. Such information and predictions have proved useful in providing early warnings of impending extreme weather conditions (Bhalla, 1998) in regions affected by high ENSO variability.
The Greater Horn of Africa is prone to extreme climate events including floods and droughts, some associated with the El Nino phenomenon. In 1998, the Greater Horn of Africa's Climate Outlook Forum brought together more than 140 scientists and food security policy experts, as well as members of the user community and decision makers from 10 northeastern African countries, who examined preventive measures to address the aberrant rains caused by the unusually strong El Nino phenomenon. Observers from southern and western Africa were also present. The objective was to develop a consensus climate outlook for the March-May 1998 rains and to prepare for the potential impacts on regional food security.
The rumours of impending drought were dismissed, but the multidisciplinary encounter was valuable. In addition to arriving at a consensus forecast, participants at the Forum exploited ways to use climate forecasts to improve water availability and food security in the coming months and in the longer term. The food security experts also learned about what climatology and hydrological sciences have to offer and how such information might be integrated into disaster mitigation planning.
WATER AND LAND PRODUCTIVITY
There is a conceptual gap in the relationships between land productivity and hydrology. Since water is a key raw material in biomass production, considerable changes in runoff develop in response to land-use changes in tropical countries. How do we relate better land productivity to hydrology and vice versa? In such countries as Mali and Namibia, only 15% of rainfall is productive through involvement in food production. Making better use of evaporative "loss" in such areas is a challenging management issue.
There is a need for a paradigm shift in the area of land and water productivity. One reason for the deceleration of the "green revolution" that was predicated on irrigated agriculture is that the biological limits for improving high-yielding varieties appear to have been reached; another is that there is less water to fuel increases in land productivity. A first prerequisite for the required shift in focus from land productivity to water productivity will be an effort to measure and monitor water use and water productivity, both in the field and in research and development areas. Water depletion is a key concept for water budgeting; it permits one to determine productivity and the derived benefit per unit of water depleted (Viets, 1962; Molden, 1997) . In agriculture, many accept water transpired by crops plus the amount incorporated into plant tissues as representing process depletion. Water productivity is therefore the physical quantity of production, or its economic value per unit volume of water. The reduction of the components of water depletion is thus central to improved water productivity and the "blue revolution" in Africa.
Much of the mismanagement of water stems from a failure to price water properly. The value of water should be properly determined and incorporated, particularly in water-scarce regions, in order to know the true cost of production and the viability of a project, as well as the efficiency or productivity of water use.
WATER RE-USE
Waste water and storm water represent resources that are often not used, or even considered, partly because of lack of information about their benefits. Fear of possible health risks, cultural bias, and lack of a method to analyse the economics of re-use projects comprehensively account for this neglect. Negative experiences with waste water re-use in areas where it is practised under uncontrolled conditions have also scared away many prospective adopters of re-use.
In several, arid and semiarid areas of Africa, water allocation is critical, and recycling of waste water is a high priority, not only for irrigated agriculture in periurban lands growing high-value crops, but even for the so-called lower-priority domestic and industrial uses (as in Namibia). In these dry zones, such as Angola, Namibia, Botswana, and Zimbabwe, waste water may constitute 25-75% of available water for irrigation.
Waste water re-use is perhaps more advanced in Zimbabwe, and represents some 10-20% of the total agricultural water use. Industrial waste water is separated from domestic waste water before the latter is treated.
The proportion of total sewage re-used in South Africa, particularly for agricultural purposes, was 16% in 1988. As much as 75% was recycled in the arid environment of Tunis in Tunisia. There are a few other reports, for example on the cultivation of fish in sewage in Africa.
Namibia is severely affected by water scarcity. Reclaimed water was introduced in Windhoek in 1969 to overcome the effects of a serious water shortage resulting from prolonged drought. The percentage of reclaimed water in the blend with raw water was sometimes as much as 50% for short periods of less than three weeks during critical conditions. The average exposure to reclaimed water over the period of 17 years was 4.7% (i.e. some 292 days).
Effluent re-use also serves as an important supplement to the water resources in Botswana. A waste water generation or return factor to sewers of 90% is the optimistic estimate for Gaborone by 2010. The present ratio is about 65% (Oyebande, 2000) .
Apart from projects in Zimbabwe, Namibia and South Africa, the enormous potential of waste water re-use is still in its infancy in Africa. The problems of accomplishing adequate treatment and of cultural bias have militated against the effective use of this valuable resource, especially in the humid zones of the region. There is a definite need for further research on the re-use of water, particularly on the attendant environmental and health risks and how they can best be minimized.
Some other challenges
Research is required to make reservoir development and operation in Africa more efficient and reliable, as well as environmentally more sustainable. This could embrace (SCOWAR, 1998) research on physical sustainability of existing and proposed new reservoirs, including sediment control and its effects; environmental concerns, to avoid and mitigate environmental impacts with long-term monitoring, and comparison of large and small dams in their impacts; and operational aspects to make reservoirs more efficient and reliable, and more environmentally friendly.
Another important challenge is transboundary water management. In shared basins it is imperative to put in place regional integration and collaboration through treaties and multi-national agreements. Such a package should include integrated management plans, establishment of appropriate legal and institutional frameworks (including monitoring systems) and the exchange of data, information and technology together with research.
The role of science in proffering solutions to these problems lies in research on methods for evaluating options in equitable water allocation among the riparian countries of the major river and lake basins. In particular, research is needed into appropriate legislation, regulations, water rights and water-sharing agreements, based on objectively derived formulas. There is a need also for scientific monitoring and assessment of existing and planned projects to determine how to evaluate and incorporate the results of such environmental impact assessments in the management framework.
Private sector participation
In Nigeria, as in many countries of Africa, the reality is dawning that mechanisms and guidelines for private sector participation should be developed, particularly for water management. A sure path to the "blue revolution" in Africa is to take vital steps to attract the private sector partnership. The benefits of privatization are indisputable and include: -realistic pricing and efficient billing and collection; -cost recovery, providing funds for further investment for the expansion of service levels and coverage, and a real chance to catch up on the deficits of the past decades;
-opportunities to invest in higher/appropriate technologies for improved billing, collection, distribution network design, leakage monitoring and control; -improvement in the level of service, urgently needed in most cases; and -reduction in the cost of services through increased efficiency.
The delivery options that are available for PSP have been outlined by the World Bank, and adapted to the African situation by the South African Water Research Commission (WRC, 1995) . The options range from service contracts, management of assets, and rental of assets, to investment linked contracts (concessions) and sale of assets. Some examples of private sector involvement in the water sector in Africa, and the level of such involvement are: -Management contract: Gabon, Gambia and Mali (all in West Africa) -Lease contract: Central African Republic, Guinea and South Africa.
The following policy principles should guide such PSP to ensure optimum benefit to the public as well as to the private sector company: -performance of the service providers must be monitored; -the engagement of the private sector should provide for technology transfer and capacity building; -the service providers must be accountable to the people they serve; -the provision of an infrastructure must be made in a sustainable manner; and the opportunity should be given to all competent contractors to place bids; and -use should be made of real-time hydrological data and information, cf.
HYDRONIGER and AOC-HYCOS (see below). Most of the solutions identified above cannot be implemented successfully without data of adequate quantity and quality. Fortunately the World Meteorological Organization (WMO) and other international bodies have come up with a seemingly sustainable initiative of viable real-time data and information technology. Currently, in the Niger basin there is the HYDRONIGER Project, consisting of 65 data collection platforms (DCPs) in the whole of the Niger basin, 18 of them operating in Nigeria with technical assistance from WMO, the OPEC Fund, the European Union, the United Nations Development Programme (UNDP) and others. Data are collected and relayed to a satellite that in turn relays them to earth receiving stations at eight National Forecasting Centres in member states as well as the International Forecasting Centre in Niamey. Tools were developed not only for data collection but also for river forecasting through hydrological simulation. The funding of HYDRONIGER ran into serious problems, so the introduction of AOC-HYCOS (Hydrological Cycle Observing System for West and Central Africa) is a welcome development. The pilot phase of AOC-HYCOS, which involves 23 countries in West and Central Africa, was launched in December 1999 and financed by France. The hydrological network of the pilot phase consists of 103 stations, 60 of which are equipped with DCPs (ARGOS and METEOSAT).
CONCLUSION
Failure to deal decisively with water and water-related issues at the country level, as well as in the context of large drainage basins involving several countries, could result in serious conflicts in Africa during the coming decades. It could also undermine development programmes in African countries and exacerbate poverty and environmental degradation. A more comprehensive approach to water resources management that enables sound policy development and strong institutional set-up, private sector initiatives and effective river basin management is needed and would constitute the pillars of sustainable water use for human consumption and development.
The hydrological, engineering and social sciences have great roles to play to enable African economies overcome the acute and often devastating water problems confronting them now and in future decades. This can be done through a framework that promotes efficiency, equity and sustainability. The expansion of supplies may be achieved through scientifically designed water harvesting technologies and water transfers from areas of water surplus to those of water deficit. Science could also promote resource intensification to achieve a higher output per unit of water, particularly in agriculture, which accounts for some 88% of the continent's water allocation. Agrohydrological studies should continue to provide increasing guidance for economic diversification in favour of activities, or crops and species, that consume less water. The social sciences should provide appropriate economic and regulatory instruments for combination with technological ones for water demand management.
Science offers many possibilities for helping to resolve the problems plaguing Africa's water sector. This can be achieved by bringing about a balance between demands for and supply of water for the competing needs of the different sectors of the national economies. Science also offers the opportunity for a better understanding of the interrelationships between the hydrological and biogeochemical cycles on the one hand, and food production on the other, and provides the framework and tools for linking water resources planning with landscape/ecological planning.
